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Introduction
Ankylosing spondylitis (AS) is an inflammatory and immune disease that mainly affects young men and causes significant disability [1, 2] . AS manifests predominantly with stiffness, pain, and spinal joint inflammation [3] . In China, AS prevalence is about 0.20% to 0.40%, almost 80% of AS patients are young adults, most of whom are male, and the disability rate five years after onset of symptoms is 40% to 60% [4] [5] [6] [7] . The pathogenesis of AS is not well known, and effective treatment is limited [8] . Autophagy has been studied in AS pathogenesis. From yeast to mammals, autophagy is essential for cellular homeostasis by controlling the digestion of damaged organelles within a cell [9] . Accumulating evidence has indicated that failure of autophagy results in increased reactive oxygen species production and abnormal gene expression, leading to neurodegeneration, cardiomyopathy, abnormal skeletal development, and premature death [10, 11] . Reports show that in the inflamed gut of AS patients, autophagy was significantly up-regulated [12] . In peripheral blood mononuclear cells (PBMCs) isolated from AS patients, the autophagy-related genes ATG16L1, IRGM, and HSP90AA1 were down-regulated, compared to healthy controls [13] .
MicroRNAs (miRNAs) are a large family of non-coding small RNAs composed of 18-25 nucleotides. MiRNAs post-transcriptionally regulate the degradation and translation of their target genes. MiRNAs are involved in the inflammatory response and the development of autoimmune diseases, such as rheumatoid arthritis [14] , and multiple sclerosis [15] . Increasing evidence has shown that aberrant miRNA expression is linked to the regulation of autophagy [16] . Studies have shown that miR-150, miR-342-5p, miR-16, miR-221, miR99b, let-7b, let-7i, and miR-513-5p were higher and that miR-218, miR-30e, miR-199a-5p, miR-409-3p, and miR-215 were lower in the T cells of AS than in healthy counterparts [17] . MiR-199a-5p, a recently discovered miR, has been reported to be dynamically regulated in the T cells of AS patients, suggesting that miR-199a-5p may play a role in the development of AS. However, the function and downstream molecular pathways of miR-199a-5p during the pathogenesis of AS are unclear.
In the present study, we aimed to investigate whether miR-199a-5p takes part in the pathogenesis of AS and whether it affects autophagy. The underlying mechanism was also explored. These findings provide hope that pharmacologic activation of autophagy or the manipulation of key autophagic machinery-related molecules will lead to new approaches to managing AS.
Materials and Methods

Antibodies and reagents
All substances were purchased from Gibco (Grand Island, NY, USA), unless otherwise stated. The antibodies against microtubule-associated protein light chain 3 (LC3)-I/II, beclin1, ATG5, ATG1 and mTOR were obtained from Cell Signaling Technology (Beverly, MA, USA). The antibody to β-actin was from Anbo Biotechnology Company (San Francisco, CA, USA). Horseradish peroxidase (HRP)-conjugated goat antimouse and anti-rabbit antibodies were from Abcam (Cambridge, MA, USA). Lipofectamine 2000 was purchased from Invitrogen Life Technologies (Carlsbad, CA, USA). Rapamycin was obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Study population
All samples were obtained from patients at Henan Province Hospital of Traditional Chinese Medicine. Blood samples were obtained from 41 patients with AS (all HLA-B27-positive; 30 males and 11 females; mean age 33.7 ± 12.4 years) according to the modified 1984 New York criteria for AS diagnosis [18] . None of these patients received tumor necrosis factor inhibitor treatment. Control blood samples were collected from 36 healthy blood donors (20 male and 16 females; mean age 31.4 ± 10.2 years) at Henan Province Hospital of Traditional Chinese Medicine in China who were undergoing routine health examinations and who had no history of autoimmune diseases. All subjects were from the Chinese Han population and were recruited because they shared similar genetic and environmental backgrounds with the patient population. At the time of blood collection, an Ankylosing Spondylitis Disease Activity Score (ASDAS) was determined to assess disease activity of AS and the modified Stoke AS Spinal Score (mSASSS) was scored to assess radiographic severity. Two experienced radiologists calculated the mSASSS using cervical and lumbar spine radiographs. This study was approved by the Ethical Committee of Henan Province Hospital of Traditional Chinese Medicine, China. All patients and control subjects provided written informed consent to participate after a full explanation of the study.
T cell isolation and culture
Blood samples were collected into tubes containing EDTA. Ficoll-Hypaque density gradient centrifugation was used to isolate PBMCs at 300g and 4°C for 10 min. Then magnetic beads coated with anti-human CD3 (Miltenyi Biotec, GmbH, Gladbach, Germany) was used to purify the T cells. The purified T cells were then cultured in Roswell Park Memorial Institute (RPMI) 1640 medium at 37°C in 5% CO 2 with 10% fetal bovine serum, 100 U/mL penicillin, and 100 U/mL streptomycin.
The human Jurkat T cell line (ATCC, Manassas, VA, USA) was cultured in the same condition as the isolated T cells.
RNA extraction and quantitative RT-PCR
Total RNA was extracted from cells using the RNeasy mini kit (Qiagen, Gaithersburg, MD, USA) according to the manufacturer's recommendations. RNA was homogenized using Qiashredder columns (Qiagen). The obtained RNA pellet was dissolved in 30 μl of RNase-free water and stored at −80°C. Each sample had approximately 5 μg of total RNA as determined by spectrophotometry. RNA was reverse transcribed into complimentary DNA (cDNA) using a SuperScript III synthesis kit (Invitrogen) in accordance with the manufacturer's instructions. 
Western blot analysis
The whole-cell lysates were obtained using RIPA lysis buffer. Equal amounts of protein from each sample were separated using SDS-PAGE and electro-transferred onto a polyvinylidene difluoride membrane (Roche Diagnostics, Indianapolis, IN, USA). After blocking, blots were probed with primary antibodies against LC3-I/II (1:1000), beclin1 (1:1000), ATG5 (1:1000), ATG1 (1:1000), mTORC1 (1:2000) and β-actin (1:5000) overnight at 4°C, followed by HRP-conjugated secondary antibody for 30 min at 37°C. Protein bands were visualized using an enhanced chemiluminescence (ECL) kit, quantified using the Image J program, and normalized by β-actin.
Measurement of serum cytokine concentrations
Serum concentrations of TNF-α, IL-17, and IL-23 were determined by using commercially available enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems Inc., Minneapolis, MN, USA) according to the manufacturer's protocol. All samples were measured in duplicate.
Oligonucleotide and siRNA transfection Jurkat T cells were transfected with miR-199a-5p mimics, miR-199a-5p inhibitors, or miR controls (50 nM, Shanghai GenePharma Co.,Ltd) by using Lipofectamine for 48 h. RhebsiRNA transfection was performed according to the manufacturer's instructions. Cells were transfected for 48 hours before harvested, the RhebsiRNA efficiency was confirmed by Western blotting analysis. 
Rheb plasmid construction and cell transfection
According to the manufacturer's instructions, total RNA was isolated from the T cells by using TRIzol reagent (Invitrogen). The cDNA was synthesized with a PrimeScript RT reagent kit (Takara, Dalian, China) and the open reading frame of Rheb cDNA was cloned and inserted into the pcDNA3.1 vector (Invitrogen). Negative control cells were transfected with pcDNA3.1 vector alone. The cells were cultured to 60% confluence before transfection, and transfected by the FuGENE HD transfection reagent (Roche).
Cell viability assay
Cells were incubated 48 h post-transfection with MTT solution (0.5 mg/ml) at 37°C for 4 h, then washed with PBS three times dimethyl sulfoxide (DMSO) was used to dissolve the insoluble formazan product. Cell viability was determined by the absorbance at 490 nm using a microplate reader.
In silico prediction of miR-199a-5p targets
The EIMMomiRNA target prediction server (http://www.mirz.unibas.ch/ElMMo3), microRNA.org (http://www.microrna.org), and TargetScan 5.1 (http://www.targetscan.org) were used to predict targets of miR-199a-5p.
Luciferase reporter assay
The Rheb 3'-untranslated region (3'-UTR) containing the miR-199a-5p predicted binding site (pGLORheb-BS) and Rheb 3′UTR with a mutated seed region for the predicted miR-199a-5p binding site (pGLORheb-Mut) were cloned into the 3'-UTR of the firefly luciferase structural gene in the pmirGLO DualLuciferase miRNA Target Expression Vector (Promega, Madison, WI, USA), respectively. HEK293 cells from a human embryonic kidney cell line were plated in 24-well plates at a density of 1.5×10 5 cells per well in triplicate. After 24 h, the cells were transfected with100 ng of the respective plasmid and 100 nmol/L miR199a-5p or control mimic using Lipofectamine 2000. Luciferase activities were measured 48 h after plasmid vector transfection using the dual luciferase reporter assay kit (Promega) following the manufacturer's instructions.
Statistical analysis
The results obtained in this study are expressed as mean value ± standard deviation (SD) (quantitative variables) or as frequencies and percentages (qualitative variables). Differences between two groups with quantitative variables were assessed with the independent samples -test and the Tukey-Kramer test after a significant one-way analysis of variance F-test for the multiple-group comparisons. Qualitative variables were assessed with the Mann-Whitney U test for nonparametric data. Correlation analyses were carried out using Pearson's rank correlation test, and p < 0.05 was considered statistically significant. All statistical analyses were conducted using Statistical Package for Social Sciences 13.0 software for Windows. Table 1 summarized the demographic and clinical characteristics of the study subjects. There were no differences between mean age or gender of AS patients and healthy controls. The disease duration of AS was 22.4 ± 13.9 months, mean ASDAS was 3.1 ± 1.4, and mean mSASSS was 32 ± 13. At the time of study enrollment, 38 patients were receiving non-steroid anti-inflammatory drugs (NSAIDs) therapy, and 7 were taking disease-modifying antirheumatic drugs (DMARDs).
Results
Subject characteristics
Decreased miR-199a-5p expression in T cells inhibited autophagy, and increased radiographic severity in ankylosing spondylitis patients
RT-PCR analysis showed that the miR-199a-5p expression was significantly lower in AS patients compared to healthy controls (0.56 ± 0.17 vs. 1.35 ± 0.35, p < 0.0001; Fig. 1A) . Simultaneously, expression of autophagy-related genes LC3, beclin1, and ATG5 mRNA in PBMCs was significantly down-regulated in AS patients, compared with the control group Table 1 . Demographic and clinical characteristics of the study population. Data are presented as number or mean ± standard deviation. AS, ankylosing spondylitis; AS-DAS, ankylosing spondylitis disease activity score; mSASSS, modified stoke ankylosing spondylitis spine score; NASAIDs, non-steroidal anti-inflammatory drugs; DMARDs, disease-modifying anti-rheumatic drugs; IBD, inflammatory bowel disease; ND not determined; , number of patients inflammatory biomarkers, were significantly higher in AS patients than in healthy controls (all p < 0.0001; Fig. 1E , F and G). ASDAS and mSASSS are general assessments of the activity and severity of AS. Univariate correlation analysis showed that the mRNA expression levels of miR-199a-5p were negatively correlated with the ASDAS and mSASSS (r 2 = 0.1600, p = 0.0096; r 2 = 0.2503, p = 0.0009) ( Fig. 1H and I ). These data suggest that miR-199a-5p may influence cell autophagy and development of AS, reflecting disease activity and functional ability in AS patients.
MiR-199a-5p regulated autophagy and pro-inflammatory cytokine production in Jurkat T cells and T cells from AS patients
To explore the effect of miR-199a-5p on pathogenesis of AS, Jurkat T cells and T cells isolated from PBMCs of AS patients were transfected with miR-199a-5p mimics, miR-199a-5p inhibitor, or miR controls (mimic-nc/inhibitor-nc). Both the miR-199a-5p mimics and inhibitor were successfully transfected in the two cell lines (Fig. 2A) . The MTT assay showed no difference between the treatment group and controls (Fig. 2B) .
The assay of autophagy-related genes demonstrated that compared with the control group, the protein levels of LC3-II, beclin1, and ATG5 in both Jurkat T cells and AS patient Fig. 2 . Effect of miR-199a-5p on cell autophagy and pro-inflammatory cytokine production of Jurkat T cells and T cells from AS patients. MiR-199a-5p expression after transfection with miR-21 mimic or inhibitor (A). Detection of miR-199a-5p mimics and miR-199a-5p inhibitor on cell survival of Jurkat T cells and T cells from ankylosing spondylitis patients by MTT assay (B). The protein expression of autophagy-related genes was analyzed by Western blot after pretreatment with miR-199a-5p mimics or miR-199a-5p inhibitor for 48h (C). After pretreatment with miR-199a-5p mimics or miR-199a-5p inhibitor, miRNA levels of LC3 (D), beclin1 (E), and ATG5 (F) were analyzed by qRT-PCR. Pro-inflammatory cytokine TNF-α (G), IL-17 (H), and IL-23 (I) production was detected by ELISA kits. Data are expressed as the mean ± SD.*Compared with corresponding controls, p < 0.05.
T cells were up-regulated after transfection with miR-199a-5p mimics (Fig. 2C) . The LC3-II, beclin1, and ATG5 mRNA levels also increased upon miR-199a-5p over-expression, in accordance with the protein data. Indeed, transfection of the miR-199a-5p mimic into the T cells induced an approximately 3-fold increase in the level of LC3-II/I mRNA (Fig. 2D) , a 2.5-fold increase in the level of beclin1 (Fig. 2E) and a 3-fold increase in the level of ATG5 (Fig. 2F) , whereas TNF-α, IL-17 and IL-23 were significantly reduced (p < 0.05) (Fig. G-I) . Conversely, inhibition of miR-199a-5p showed the opposite effects. After transfection with the miR-199a-5p inhibitor, expression levels of LC3-II, beclin1, and ATG5 were downregulated, but TNF-α, IL-17 and IL-23 increased.
MiR-199a-5p directly interacted with the 3'UTR of Rheb
Rheb is a high-ranked target gene of miR-199a-5p in silico, and has been reported to be involved in cell autophagy. The binding of miR-199a-5p with the 3'-UTR was shown in Fig. 3A . A luciferase reporter assay showed that the HEK293 cells transfected with pGLO-HMGB1-BS plasmid and the miR-199a-5p mimic had an approximately 60% reduction of luciferase activity, compared with the controls. Mutation of the target site prevented the down-regulation of luciferase activity that is induced by miR-199a-5p (Fig. 3B) . Moreover, the target relationship also was confirmed in both Jurkat T cells and AS patient T cells, Western blot and RT-PCR showed that miR-199a-5p mimic transfection can significantly reduce Rheb in protein (Fig. 3C) and mRNA (Fig. 3D) .
Rheb silencing contributed to T cell autophagy and decreased pro-inflammatory cytokine production
To determine whether Rheb influenced T cell autophagy and AS pathogenesis, we transfected both Jurkat T cells and the T cells from AS patients with RhebsiRNA and pcDNA3.1-Rheb (Fig. 4A) . Results showed that RhebsiRNA significantly promoted the expression of LC3-II/I, beclin1 and ATG5 in both mRNA (Fig. 4B-D) and protein (Fig. 4E) . It significantly reduced the release of TNF-α, IL-17 and IL-23 ( Fig. 4F-H) in the treatment groups compared with the control group. Moreover, Rheb silence also decreased the phosphorylation level of mTOR, and promoted ATG1 expression (Fig. 4I) . Conversely, pcDNA3.1-Rheb transfection displayed the opposite effects. Thus, we speculate that miR-199a-5p regulates T cell autophagy and pro-inflammatory cytokine production by suppressing Rheb expression and inhibiting activation of the mTOR pathway. 
Rheb inhibited T cell autophagy and promoted pro-inflammatory cytokine production by activating mTOR signaling
The mTOR antagonist Rapamycin was applied in the medium for 24 hours for further analysis. As shown in Fig. 5A -D, Rheb overexpression significantly reduced LC3-II/I, beclin1, and ATG5 expression in both mRNA and protein. It also increased the concentrations of TNF-α, IL-17 and IL-23 (Fig. 5E, F and G, respectively) . However, Rapamycin pretreatment markedly increased mRNA and protein expression of LC3-II/I, beclin1 and ATG5, and it decreased TNF-α, IL-17 and IL-23 production when compared with the pcDNA3.1-Rheb group. These findings suggest that Rheb may inhibit cell autophagy and promote pro-inflammatory cytokine production that is attenuated by mTOR signaling inhibition. Although, Rheb overexpression showed a trend towards inhibiting T cell survival, there was no significant difference compared with the control (Fig. 5H ).
Discussion
In this study, we demonstrated a novel role for miR-199a-5p in regulating autophagy in the pathogenesis of AS by modulating the mTOR signaling though direct targeting of Rheb. We found that miR-199a-5p was down-regulated in T cells, accompanied by inhibited autophagy levels, increased pro-inflammatory cytokine release, and radiographic severity in AS patients, compared with the controls. Further mechanism analysis suggested that miR- 199a-5p regulated autophagy and pro-inflammatory cytokine production in both Jurkat T cells and T cells from AS patients by targeting Rheb. Rheb inhibited T cells autophagy and promotes pro-inflammatory cytokine production by activating mTOR signaling. These data suggest that miR-199a-5p participates in the regulation of AS pathogenesis by affecting T cell autophagy.
Autophagy removes pathogens and dead cells to maintain cellular homeostasis. Defects in this process may cause inflammation and exacerbate autoimmune disease [19] . Recent studies have shown that autophagy may play a critical role in the pathogenesis of AS [8] . LC3 executes autophagy, beclin1 regulates autophagy, and ATG5 is involved in the maturation of autophagy. In the current study, LC3, beclin1, and ATG5 are all expressed in the T cells of AS patients, but at significantly decreased gene expression levels. These findings suggest that AS patients may have insufficient or defective autophagic activity. Defective autophagy can increase the inflammatory burden by failing to regulate the release of several proinflammatory cytokines, including TNF-α, IL-4, IL-1β, IL-17, and IL-23 [3, [20] [21] [22] [23] . In this study, the serum levels of the pro-inflammatory cytokines TNF-α, IL-17, and IL-23 were much higher in AS patients than in controls. These results are consistent with the notion that autophagy protects against inflammatory diseases and that defective autophagy contributes to the accumulation of damaged macromolecules and susceptibility to inflammation.
Dysregulation of miRNAs has been found to cause several pathological states by modulating cell autophagy [24] . According to previous studies, miR-222 helps to regulate of pathological cardiac remodeling and heart failure by mediating cardiomyocyte autophagy [25] , miR-124 is involved autophagy in the peripheral blood from AS patients [26] , and miRNA let-7i induces autophagy to protect T cells from apoptosis [27] . Our data show that miR-199a-5p was down-regulated in T cells from AS patients, and that the administration of miR-199a-5p mimics markedly enhanced the expression of autophagy-related genes. However, transfection of a miR-199a-5p inhibitor into both Jurkat T cells and T cells from AS patients suppressed autophagy levels by down-regulating the expression of related genes, and it promoted pro-inflammatory cytokine production. Interestingly, we found that miR- 199a-5p had little influence on T cell survival.
Most miRNAs carry out their biological function by binding to their target molecules [28] . To investigate how miR-199a-5p affects T cells autophagy, bioinformatics tools were used to search for potential targets of miR-199a-5p. Among the targets of miR-199a-5p, Rheb is an upstream positive regulator of mTOR signaling. Overexpression of Rheb in mammalian cells leads to mTORC1 activation [29] . Thus, we speculated that miR-199a-5p may influence T cell autophagy by modulating Rheb expression. In this study, increased miR-199a-5p expression reduced mRNA and protein levels of Rheb. Furthermore, we identified Rheb as a direct target of miR-199a-5p. Rheb siRNA significantly promoted LC3, beclin1 and ATG5 expression, and it suppressed TNF-α, IL-17, and IL-23 production.
MTOR functions as a central sensor of cellular energy that responds to many metabolic events and controls autophagy [30, 31] . It is a pivotal upstream mediator of autophagy through its binding and inactivation of the autophagy kinase complex ULK1/2, which blocks formation of autophagosomes [32] . To clarify whether mTOR signaling affected the suppression effects of Rheb in cell autophagy, the mTOR signaling antagonist Rapamycin was used. As predicted in our hypothesis, Rheb overexpression decreased ATG1 expression, and Rapamycin pretreatment could significantly attenuated the inhibitory effect on cell autophagy induced by Rheb.
Our data consistently showed that miR-199a-5p expression decreased in AS patients, was negatively correlated with disease severity and activity, and was accompanied by inhibited autophagy level. These findings indicate that down-regulation of miR-199a-5p and autophagy inhibition may be associated with AS pathogenesis. Furthermore, mechanistic analysis showed that Rheb contributed to T cell autophagy via the mTOR signaling pathway. Taken together, our data suggest that miR-199a-5p may regulate T cell autophagy by the mTOR pathway via direct targeting of Rheb. Therefore, this study suggests that miR-199a-5p may be a potential therapeutic target for AS.
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